INTRODUCTION
bearing stiffness. Subsequently, the bridge seismic response estimates obtained by using the 108 advanced and the simplified HDNR bearing models are compared against each other and the 109 significance of detailed modelling of the bearings to evaluate the performance of the bridge critical 110 components, i.e. the piers, the foundations, the bearings and the deck, is highlighted. 111
A set of 7 spectrum-compatible ground motion records is considered for the seismic analyses. 112
While the assessment of the relative accuracy of the bearing models is carried out by considering 113 both the horizontal and the vertical component of the seismic input, some results obtained by 114 considering only the longitudinal component are also presented to highlight the fact that a 115 significant vertical response may arise even if the vertical ground acceleration is disregarded. 116
DESCRIPTION OF THE BENCHMARK BRIDGE

117
The benchmark bridge is a reinforced concrete regular bridge with three spans of equal lengths and 118 solid circular homogeneous bridge piers. This bridge, whose geometrical and mechanical properties 119 are representative of many bridges in Europe with simply-supported pre-cast and pre-stressed 120 concrete I-beams supported on steel-laminated HDNR bearings. 
133
The deck span length is L sp =30 m, the transverse section width is 13.5m, whereas the carriageway 134 width is assumed 11.5 m, corresponding to three nominal lanes according to Eurocode 1 [38] . S r = D r / 4t r =15, leading to a thickness of the single rubber layer of t r = 8 mm, and a total number of 169 rubber layers n r = 22. The assumed value of the shim plate thickness is t s = 5 mm. 170
The bearing design ensures that all the safety verifications required by EC8-2 [26] as well as 171 EN15129 [27] and EN1337-3 [28] are satisfied. These checks concern the performance of the 172 bearings under both the seismic and the non-seismic loading conditions. Further information about 173 the limit states considered for the design can be found in [15] . 174
MODELLING OF THE ISOLATED BRIDGE
175
The dynamic behaviour and seismic response of the bridge in the longitudinal direction are 176 analyzed with a finite element model (Fig. 2) 
185
The deck is modelled by linear elastic frame elements considering uncracked stiffness, as it is 186 prestressed and, thus, it is not expected to undergo flexural cracking. However, for the continuity 187 slab an effective stiffness, equal to 40% of the gross stiffness, is used to simulate the expected 188 cracking. The piers are modelled by linear elastic frame elements. The assumption of linear elastic 189 behaviour is based on the fact that the bridge is isolated and, thus, the piers are designed to respond 190 in an elastic or essentially-elastic manner. Furthermore, although the piers are subjected to 191 compressive actions due to the vertical loads, they are expected to undergo some level of cracking. 192
Thus, a cracked effective stiffness is employed to describe their flexural behaviour. During the 193 analysis, a check is performed to make sure that the yield strength of the piers is not exceeded. 194
Based on moment-curvature analysis of the pier base section, the effective cracked stiffness, secant 195 to the yield point, is assumed equal to approximately 0.5EI g , where EI g is the gross stiffness. 196
The inelastic deformations and the relevant hysteretic dissipation of energy is concentrated within 197 the isolators. The viscous damping of the system, representing energy dissipation sources other than 198 that of the isolators, is taken into account by assigning a Rayleigh damping to the piers nodes only, 199
i.e., the viscous damping matrix has non-null terms only in correspondence of these nodes. Hence, a 200 damping ratio of approximately 5% is provided to the higher modes related to the vibration of the 201 pier only. 202
The effects of soil-structure interaction on the structural response are usually divided into two 203 phenomena: a) kinematic interaction and b) inertial interaction [41]- [43] . This study does not 204 account for the kinematic effects on the foundation input motion and thus the free-field motion, as 205 described by a set of natural ground motion, is directly used as input motion. This choice is based 206 on the fact that isolated bridges are excited by relatively low frequencies, and thus the error 207 resulting from neglecting the kinematic SSI effects is expected to be negligible [35]- [37] . However, 208 it should be noted that the neglected rocking motion generated by kinematic interaction may 209 contribute to the coupled horizontal-vertical response of the bearings, and this is something that is 210 not analysed herein because it would require also a more complicated model of the soil-foundation 211 system, which is considered to be out of the scope of the paper. 212
The inertial effects of SSI are accounted for by employing Lumped Parameter Models (LPMs) 213 approach. These LPMs are a set of translational and rotational springs, dampers and masses that 214 permit to reproduce, in the time domain, the frequency-dependent compliance of the soil-foundation 215 system (Fig. 2) . The properties of the LPMs are derived by employing the approach outlined in Dezi 216 et al. [44] , based on simplified formulas calibrated from results of an extensive non-dimensional 217 parametric analysis considering head-bearing pile groups. The proposed approach allows to 218 accurately simulate the compliance of pile foundations and important features of the soil-foundation 219 system behaviour such as the coupled rotational-translational response. The piles are fully 220 embedded in the soil, socketed into the sand deposit and connected at the heads by a cap. 221
Having considered a seismic input along the longitudinal direction, the bridge exhibits a non-nullresponse only in the longitudinal plane (i.e., plane xz of Fig. 2 ) and thus few components of the 223 impedance matrix    %  of the LPM are significant for the problem studied. Table 1 reports the 224 values of the properties of the LPM illustrated in Fig. 2b and Fig. 3 
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It is noteworthy that the LPMs comprise masses which are directly excited by the earthquake 231 acceleration. These masses alter the dynamic response of the system, and the response of the soil 232 foundation obtained by using the proposed approach is neither the free field motion nor the actual 233 foundation input motion. A more rigorous approach would consider the foundation input motion 234 derived from kinematic interaction analysis. However, this paper focuses on the structural response 235 rather than on the SSI effects, which are indeed more complicated than those presented herein.
Advanced and simplified models for HDNR isolators and parameter calibration
237
The mechanical behaviour of the isolators is described by three different types of models, which are 238 described in the following sections. The first model is an advanced one, recently developed and 239 implemented in OpenSees [39] , whilst the other two are described by fewer parameters and thus are 240 considered as simplified models. The latter two models are available in commercial finite-element 241 software and are often employed for the design and analyses of isolated bridges as their use is 242 allowed by current design guidelines under certain design situations (see e.g. 
259 whereas the expression for the hysteretic response   2 , F U n is controlled by a bounding surface: 260
and the rate at which   2 , F U n advances towards the bounding surface upon loading depends on the 262 parameter b 3 [11] . 263
The other values of the material parameters (i.e., c 1 , c 2 , c 3 , c 4 ) are relevant to the scragging 264 behaviour of the rubber, which is not considered here. Further information regarding the Grant 265 model can be found in [11] . 266
In order to calibrate the parameters for shear behaviour, laboratory tests were carried out at TARRC 267 on double-shear test pieces of HDNR previously scragged at the shear strain amplitude 2.5. In 268 particular, displacement-controlled tests were performed by imposing 20 cycles at increasing strain 269 amplitudes and constant strain rate of 2/s. This rate corresponds to a vibration period between 2 s-3 270 s for strain amplitudes in the range between 1.0 and 2.0. 
284
This lack of fit is not expected to affect the results, since the design shear deformation is  Ed =1.5. experimentally by Warn et al. [46] , and depends strongly on the bearing shape factor S r through the 296 expression: 297 1 shear behaviour is then derived by multiplying the stresses by the total rubber area A r , and the 332 strains by the total rubber height T r . 333
The hysteretic stationary response according to the equivalent EP model is plotted also in Fig. 4,  334 together with the responses obtained with the characterisation tests and with the HDNR model. The 335 agreement of the EP an HDNR models at the design strain (Fig. 4a) and at lower strains is very 336 good. However, the EP model cannot describe accurately the increase of stiffness and hysteresis of 337 the rubber for shear strains higher than 1.5 as its post-elastic stiffness is constant. 338 (Fig. 5a ) and of the equivalent damping ratio ξ eff (Fig. 5b) according to the 340 HDNR model and to the bilinear model. The agreement is good for the equivalent modulus, with 341 the exception of high amplitudes, for which the EP model is not able to simulate the increase of 342 stiffness, which is mainly due to the strain crystallisation of the rubber. The equivalent damping 343 ratio for the EP model is generally higher than the corresponding ratio for the HDNR model at low 344 amplitudes and very similar at higher amplitudes. The axial and rotational springs of the EP bearing 345 model are assigned a value of the stiffness equal to that of the initial stiffness of the HDNR model. no variation of its dynamic properties with the amplitude, as shown in Fig. 5a and Fig. 5b . On the 360 other hand, it should be pointed out that while the behaviour of the HDNR and the EP model is not 361 influenced by the frequency of vibration of motion, the VE model exhibits a significant strain-rate 362 dependency. In fact, the damping ratio   VE   for vibration frequencies  other than the isolation 363 frequency  is can be expressed as follows:
Thus, the VE model is expected to provide more energy dissipation than the other models for the 366 higher modes of vibration, having frequencies higher than  is and notably influencing the shear and 367 moment demand of the piers [49] . 368
RESULTS
370
Following are the results of the analyses investigating in detail the dynamic and seismic behaviour 371 of the benchmark bridge. Emphasis is placed on the effects of the vertical bearing stiffness and on 372 SSI effects on the bridge response. These two effects were found to influence significantly the 373 boundary conditions of the piers. In fact, the eccentrically-placed bearings exert, through their 374 vertical stiffness, a rotational constraint at the pier top, which also depends on the flexibility of the 375 deck and of the continuity slab. A similar effect is observed in the transverse direction for bridges 376 with multiple bearings, also along a single line, and torsionally stiff decks [50] . On the other hand, 377 SSI effects generally involve rocking of the pier base, which may result in an increase of the axial 378 deformation of the bearings. 379 
Eigenvalue analysis
391
The eigenvalue analysis of the bridge model is carried out by assuming effective (i.e. secant to the 392 design shear strain) dynamic stiffness properties for the bearing response in shear and the initial 393 stiffness properties (at zero displacement) for the axial behaviour. 394 Fig. 7 reports the shapes of the most significant vibration modes of the system and Table 3 The first mode of vibration has a period which is very close to the target period of 2.0 s considered 403 for the design. The modal shape is characterised by a significant motion of the deck along the 404 longitudinal direction, whereas the piers do not exhibit significant displacements, since they are 405 In order to show the effects of the coupling between the horizontal and vertical response in thebridge due to the eccentricity of the bearings and SSI effects, the analyses of the reference bridge 427 model are carried out first by considering the horizontal earthquake component only. The time-428 histories of different response quantities of interest are shown for record #6 of the set of ground 429 motions considered in this study. Fig. 9 shows the time history of the deck displacements and the 430 pier displacements, obtained by accounting for or neglecting the SSI effects, i.e. by assuming a 431 fixed-end foundation. 432 
434
The pier displacement response is significantly lower than the deck displacement response, as 435 expected for an isolated bridge. The maximum absolute value of the deck displacement observed 436 for record #6 is about 0.310 m, which is 17% higher than the design value of 0.264 m. Even though 437 the system is characterized by a complex nonlinear behaviour, this difference may be explained by 438 observing in Fig. 8 that record #6 is characterized by a spectral ordinate at the design period which 439 is about 17% higher than the mean spectral ordinate. The scatter between the observed maximum 440 response under the different seismic records and the design record reflects the effect of the so called 441 record-to-record variability, i.e., the differences in the frequency content and duration of the set of 442 records considered for the design, also resulting in the different spectral ordinates of Fig. 8 . It is 443 noteworthy that the mean value of the deck displacement, obtained by averaging the results for the 444 seven records, is 0.279 m, i.e. only 6% higher than the design value. In general, the observed 445 deviation from the design value is mainly due to the effects of: the pier flexibility, the nonlinear 446 behaviour of HDNR, the eccentricity of the bearings, and the use of a reduced response spectrum 447 for the design rather than the mean spectrum for the given added damping ratio. The time history of 448 the deck displacement is characterised by a fundamental period of approximately 2.0 s, i.e. the 449 design period, whereas the time history of the pier displacement is characterised by a higher 450 frequency content, since it is influenced by vibration modes of order higher than 1. 451
The SSI effects do not seem to affect significantly the deck displacement demand, whereas they 452 influence significantly the pier demand, as per Fig. 9a with respect to the y axis times the bearing eccentricity e b is shown. The two motions are quite 467 different and it is worth to note that the bearing vertical motion depends not only on the pier cap 468 rotation, but also on the vertical displacement of the deck, which is plotted in Fig. 10b . It is also 469 interesting to observe in Fig. 10b that the amplitude of the upwards vertical displacement of the 470 deck induced by the horizontal seismic motion is significantly inferior to the amplitude of the 471 vertical displacement downwards, which increases the compression due to vertical loads. This is the 472 consequence of the reduction of the vertical stiffness of the bearings under the combination of 473 compression and shear displacements, which is discuss next. 474 at the pier top is found to be quite significant and it is generated mainly by the couple formed by the 523 axial forces developed within the eccentrically-placed bearings. This is also demonstrated in Fig. 14,  524 showing that the time histories of the moment at the pier top and of the couple formed by the axial 525 forces in the bearings, i.e., (F bv,1 -F bv,1 ) e b , practically coincide. 
528
In the case of a single line of bearings, the pier would behave practically as a cantilever and the 529 moment ratio would be close to zero, as the bending moment at the pier top would be developed 530 only due to the rotational stiffness of the isolators. The moment observed at the pier top in the 531 bridge typology considered is as important as the moment generated at the top of a pier with 532 multiple bearings and torsionally stiff deck in the transverse direction [50], since both these 533 moments could potentially affect the design of the reinforcements and the pier safety evaluation. 534 (Fig. 15b) . However, the 541 maximum values obtained for the two loading cases are approximately the same. 
Effect the vertical component of the seismic motion
horiz. horiz.+vert. 
552
The maximum values of critical response parameters of the bridge obtained by taking into account 553 or disregarding the vertical excitation of the seismic input are reported It can be observed that the vertical component of the earthquake input does not affect significantly 560 the horizontal response of the isolators. However, it affects significantly both the maximum 561 compressive and tensile axial loads in the bearings. In particular, the average tensile forces in the 562 bearings increase significantly, even though they do not attain the cavitation limit of 405 kN. 563
Accounting for the vertical component of the seismic input also yields slightly higher values of the 564 internal actions on the pier. In particular, the average bending moment at the pier top increases by 565 10% due to the vertical component of the seismic input. Generally, it can be said that the vertical 566 component is not expected to affect the design of the piers, but it could influence significantly the 567 dimensioning of the isolators. 568 to the values corresponding to the reference configuration (corresponding to S r =15). From this 588 figure it is evident that the increase of K v0 and K r with S r is significant and follows an almost linear 589 trend. Fig. 17b shows the variation with S r of the periods of vibration modes 1, 2, 4 and 5, evaluated 590 by accounting for SSI effects, and normalised with respect to the periods corresponding to the 591 reference configuration, i.e. where S r = 15. The vibration periods reduce only slightly by increasing 592 the shape factor. Higher modes are more affected by the increase of S r with respect to lower modes. 593
Sensitivity of the bridge dynamic response to the vertical isolator stiffness
The variation of the modal mass participation factor with S r , not shown herein due to space 594 constraints, is also not significant. 595 Table 1 , the bearings have been re-designed, whilst the geometry 601 of the bridge is kept constant, i.e., the pier dimensions and, similarly, the deck section, span length 602 and weight, the continuity slab properties, and the isolator eccentricity are the same as the one of 603 the reference bridge. Additionally, the target design period of the bridge has been kept constant and 604 equal to 2.0 s for all the design cases presented. Hence, the shape factor S r of the bearings is the 605 only design property that essentially alters the values of the response parameters shown in Table 6 . 606
It is observed in Table 6 that the kinematic response quantities related to the pier and deck response 607 are very similar for the different values of S r . The peak horizontal displacements of the pier and of 608 the deck reduce slightly by increasing S r . This can be explained by observing that the axial stiffness 609 of the bearings increases when S r increases. Thus, the rotational restraint at the pier top that is 610 provided by the eccentrically-placed bearings increases for larger S r values and this reduces the 611 seismic demand at the piers top. 612
On the other hand, the absolute values of the compressive and tensile forces in the bearings alter 613 significantly with S r . They first decrease, then they increase again, the minimum values 614 corresponding to S r =12.5. This trend is the result of the complex dynamic behaviour of the system, 615 which is characterised by a contribution to the bearing forces due to the vertical static loads acting 616 on the deck, the pier rotation, and the motion of the deck in the vertical direction. With regard to pier internal actions, the shear demand along the pier is not significantly affected by 626 the bearing shape factor, since it mainly depends on the force transmitted by the bearings (which 627 does not alter significantly when varying the value of S r ), and to a minor extent on the higher modes 628 of vibration related to the pier inertia. On the other hand, the moment demand at the pier top 629 increases significantly by increasing S r , as a result of the increase of the rotational restraint at the 630 pier top. In fact, for S r = 10, which represents bearings that are relatively flexible axially, the ratio 631 between the pier top and base bending moment is equal to 0.22, whereas for S r =25, corresponding 632 to stiffer bearings, this ratio is 0.32. This indicates that the stiffer the bearing axially, the more the 633 pier top is fixed, i.e. the more the pier response deviates from that of a cantilever. This result is 634 potentially important because in design practice lower amount of reinforcement is usually provided 635 at the pier top than at the pier base, assuming that the pier behaves as a cantilever, which is not 636 accurate either. 637
Evaluation of the accuracy of the simplified bearing models 638 The results of the analyses of the benchmark bridge discussed above show that the accurate 639 modelling of the bearings and in particular of their vertical stiffness influences significantly the 640 dynamic response of the system. Hence, it is important to define the level of accuracy that is 641 achieved when employing simplified bearing models for the design and assessment of bridges. For 642 this purpose, the analysis of the reference bridge model considered above is repeated by replacing 643 the advanced bearing model with the simplified elasto-plastic (EP) and visco-elastic (VE) models, 644 which have uncoupled axial and shear behaviour. It is noted that these models considering an EP 645 and VE behaviour for the bearings are still characterized by the bearings placed eccentrically, i.e. as 646 in the case of the HDNR model. A comparison is made between the response estimates obtained by 647 using the different bearing models, and the corresponding estimates obtained by using the more 648 advanced and accurate HDNR bearing model. Along with the bridge models with eccentrically 649 placed bearings, a simplified and practice-oriented SDOF model of the bridge is considered, the 650 properties of which are derived by assuming that the pier behaves as a cantilever, and that the 651 bearings, described by the VE model, are simply placed at the pier top with no eccentricity. Under 652 these assumptions, the stiffness of the SDOF system can be found based on a series arrangement of 653 two visco-elastic systems, representing respectively the pier and the bearing [49] . In particular, the 654 stiffness of the spring related to the pier is taken equal to 
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The two simplified models provide estimates of the peak deck displacements similar to the ones 670 obtained by using the HDNR bearing model. This can be explained by observing that these response 671 quantities are mainly governed by the first mode of vibration of the system and at the design 672 isolation frequency and displacement amplitude the HDNR, the EP, VE and HDNR bearing models 673 are characterised by similar equivalent stiffness and damping properties, as shown in Fig. 5 . It is 674 also worth noting that during the time interval 4s to 8s, where the maximum displacements are 675 attained, the oscillation period of the motion is very close to the design period of 2.0 s. 676 Fig. 19 shows the time history of the displacement of the pier top for the simplified models 677 subjected to record #6. While the EP model provides values of the displacements similar to the ones 678 obtained by the HDNR model, the VE model yields smaller values. This is due to the fact that both 679 the HDNR and the EP model are rate-independent models, whereas the VE exhibits a significant 680 rate-dependency which results in an overestimation of the damping for vibration frequencies higher 681 than the design one (see Eqn. (5)). Thus, the contribution of higher modes of vibration, which are 682 known to affect significantly the pier response ([49]), is damped out by using the VE model. 694 Table 7 reports the mean peak values of the responses of the bridge components for the different 695 models employed in the analysis, obtained by considering either the horizontal component only, or 696 both the horizontal and vertical component. 697 
